Abstract
3 8
In immature leaves and roots of Nanjing11 (indica), Balilla (japonica), and 02428 1 3 9
(WCV) plants, expression of the three S5 alleles was undetectable. In spikelet tissue, 1 4 0 however, S5 alleles were expressed at each of the four developmental stages (1-4) that 1 4 1 were analyzed. Compared to actin, however, S5 expression levels were extremely low ( Fig. 1) . In contrast, expression levels of S5j were relatively high during stages one to 1 4 5 three but decreased at stage four ( Fig. 1 ).
4 6
For heterozygous genotypes, S5iS5j dramatically decreased spikelet fertility, whereas S5iS5n and S5jS5n exhibited wide-compatibility. We sought to characterize, To examine the tissue localization of AP, we constructed two expression vectors in 1 8 2 which S5j and S5n coding sequences were fused in-frame with the GFP coding sequence found in ovaries before and during flowering (Fig. S2) , which strongly suggested that AP 1 8 6 functions to regulate embryo-sac abortion. A 136-bp sequence (present in S5i and S5j, but absent from S5n) was used as a that were indistinguishable from those of blank vector controls. This analysis was seen when using either S5iS5i-Balilla or S5nS5n-Balilla as the rice receptor (Table 2 ). To confirm this result, RNAi transgenic lines were selfed to produce the T 1 generation.
9 6
Regardless of the genetic background, spikelet fertilities of T 1 transgenic and control 1 9 7 plants were again indistinguishable (Table 2) .
To determine whether this RNAi strategy effectively reduced S5 expression, we 1 9 9
used RT-PCR analysis. In non-transgenic S5iS5i-Balilla spikelets (T 1 ), S5i expression 2 0 0 gradually increased from stages two to four. In T 1 S5iS5i-Balilla that carried the RNAi were essentially equivalent ( Table 2) . 
Interactions among APs
In the indica/japonica rice hybrid, the presence of both S5i and S5j alleles substitution at the same site to form the 'TTG' codon (Leu) (Fig. S3 ). These two artificial
S5 genes were transformed into Balilla, and positive T 0 plants were selfed to generate the spikelet fertilities by ~13% on average, and seven of 11 independent transformation 2 3 8 events showed significantly lower spikelet fertilities in transgenic plants than non-
transgenic controls (Table 3 ). In contrast, S5-G slightly reduced spikelet fertility by ~5% 2 4 0 on average, and only three independent transformation events showed significantly lower 2 4 1 spikelet fertilities ( S5j could thus be explained by the amino acid difference at position 273 within AP.
2
Expression of AP-Phe273 and AP-Leu273 dramatically reduced spikelet fertility,
especially in the indica/japonica background. S5n is more similar to S5i than S5j
Compared to S5i and S5j, the S5n allele contains a 136-bp deletion, which eliminates expression profile, differential allelic expression, and western blotting data (Figs. 1-3).
Residue Phe273 of AP is highly conserved among species, whereas the Leu273 variant is
encoded only by S5j (Chen et al., 2009) . Based on these findings, we speculate that it is 2 6 2 the C/A SNP, rather than the 136-bp indel, that regulates expression of the S5 locus.
6 3
Among the three S5 alleles, S5i is believed to be the most ancient, independently
evolving into S5j and S5n via neutral mutation (Ouyang et al., 2010) . This evolutionary 2 6 5 pathway can be reconciled based on the monophyletic origin of rice, in which indica
originated from common wild rice, whereas japonica was derived from indica during The wide-compatibility gene S5n has long been considered the central force for localize to the appropriate cellular compartment. In addition, S5n has been introduced 2 7 7
into Balilla (driven by the native or CaM35S promoter), and the resulting plants have been crossed to Nanjing11. No increase in spikelet fertility has been observed, however,
in transgenic Nanjing11/Balilla hybrids, which suggests that S5n is a nonfunctional allele et al., 2010 RNAi target sequence was a 136-bp region that is absent from S5n. The expression levels transgenic plants (Fig. 4) . This, however, did not affect spikelet fertility ( Formation of an AP heterodimer is key to reproductive isolation
Formation of an AP dimer has been reported in species other than rice, including the
Arabidopsis CDR1 protein (Simões et al., 2007) . Bioinformatics analyses of S5-encoded
APs suggest that these proteins may form dimers. Bomblies (2010) hypothesized that S5-
encoded APs normally function as homodimers and that inter-subspecific heterodimers support this hypothesis (Fig. 5) . The S5i-and S5j-encoded APs formed both homo-and 2 9 7
heterodimers, whereas the S5n-encoded AP did not dimerize. These findings support a 2 9 8
role for these three S5 alleles in reproductive isolation and compatibility. The S5n-2 9 9
encoded AP likely failed to dimerize because of its N-terminal deletion and, as a result, background. Moreover, the strongest genetic force that affected spikelet fertility was the
interaction between S5i and S5j. This implies that AP heterodimers have aberrant activity,
which inhibits embryo-sac development. We conclude that formation of an AP dimer is backgrounds.
The PCS1 (promotion of cell survival 1) gene encoding an aspartic protease in
Arabidopsis was reported to be involved in programmed cell death (PCD) in embryonic PCS1 causes excessive cell death and defects in both gametogenesis and embryogenesis. Based on the tissue localization study using pAj-GFP and pAn-GFP constructs, AP is previous report, which demonstrated that all chimeric S5j-S5n alleles with a cross-over provide direct evidence for this hypothesis (Table 3 ). The introduction of exogenous Asp-
T or Asp-G into Balilla confirmed that a single amino acid substitution at residue 273
(Phe/Leu) creates an AP heterodimer that severely impairs embryo-sac development. proposed that the S5 locus functions as a triallelic system. Data presented in our present encoded AP homodimer and its indica genetic background contributed to high levels of 3 3 8 spikelet fertility. The same conclusion can be drawn for S5j and the japonica background. In indica/WCV rice hybrids (or japonica/WCV or WCV/WCV), spikelet fertility is AP homodimers, S5j-encoded AP homodimers, and AP heterodimers at a 1:1:2 ratio. by an additional ~35%. This latter reduction can be entirely attributed to a single amino from different species or populations (Dobzhansky, 1937; Muller, 1942) . The S5 locus rice subspecies, respectively. Once these two S5 alleles are brought together in inter-
subspecific hybrid rice, a deleterious interaction between them led to low fertility, so-
called hybrid incompatibility. In the triallelic system, functional alleles (i.e., S5i and S5j) The sequence features of the S5 alleles and their genetic interactions form the basis 3 6 7
for S5-regulated spikelet fertility. S5n was more similar to S5i than S5j with regard to the 3 6 8
RNA and protein expression profiles. The S5 locus is probably not indispensable for
embryo-sac development as S5n is a loss-of-function allele and knockdown of S5i or S5j
did not impair the spikelet fertility either. Interactions between S5i-and S5j-encoded
aspartyl protease would lead to the reduced fertility of indica/japonica rice hybrid, while
failure of dimerization for the S5n-encoded aspartyl protease could explain its wide- residue 273 site between the S5i-and S5j-encoded APs was primarily responsible for
embryo-sac abortion. The S5 locus may have promoted sub-speciation of indica and
japonica, but it also enables genetic communication between them. 
Materials and Methods

7 9
Plant materials
The indica rice cv. Nanjing11, japonica rice cv. Balilla, and wide-compatibility cv. 02428 were used to develop a series of lines that were nearly isogenic at the S5 locus was also used during this process. As a consequence, the S5n allele from 02428 was integrated into the Nanjing11 and Balilla lines to generate the near-isogenic lines S5nS5n-
Nanjing11 and S5nS5n-Balilla, respectively. Similarly, the S5i allele of Nanjing11 was
introduced into Balilla, and the S5j allele of Balilla was introduced into Nanjing11 to reference, using the primer pair ActinF and ActinR (Table S1 ). Relative amounts of S5 Time PCR Applications Guide (Bio-Rad Laboratories).
1 8
For differential allelic expression, three parental lines (S5iS5i-Nanjing11, S5nS5n-
Nanjing11, and S5jS5j-Balilla) and two hybrid lines (S5iS5j-Nanjing11/Balilla, and
S5jS5n-Nanjing11/Balilla) were used. To detect relative expression levels of three S5
alleles, RT-PCR products were generated using primers A3F and A3R ( Fig. S1 ; Table   4 2 2 S1), digested with MseI, and subjected to 1% agarose gel electrophoresis. The ratio of Spikelets from Nanjing11, Balilla, 02428 and Dular were harvested at the four 4 2 8 developmental stages described in the previous section, and total protein was extracted 4 2 9
using the trichloroacetic acid-acetone precipitation method (Damerval et al., 1986) .
Protein concentrations were measured using an ND-1000 spectrophotometer (NanoDrop sequence was based on the C-terminus of AP (Chen et al., 2008) . Donkey anti-rabbit coding sequence (ending just before the stop codon), were amplified using the primer pair 4 4 6 S5JNF and S5JR (for S5j) or S5JNF and S5NR (for S5n) (Table S1 ). HindIII and XbaI 4 4 7 restriction sites were added to the end of these forward and reverse primers, respectively. pMON30049 (Pang et al., 1996) . The S5i-GFP and S5n-GFP fragments were then analysis of the inheritance of the S-5 locus, conferring wide compatibility in Indica/Japonica 
